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PREFACE

The concepts of statistical mechanics have long been among the most
widely applied of physical ideas. The most notable aspect of the symposium
“Statistical Mechanics in Physics and Biology” is the sheer range of subjects,
including molecular biology, cellular biology, chemical engineering,
petroleum engineering, polymer science, and metallurgy, addressed by
similar methods.

This symposium could not have taken place without the financial support
of the Office of Naval Research, Eastman Kodak Company, and Exxon
Research and Engineering Company. In particular, we wish to acknowledge
the generous support of Michael F. Shiesinger, Krishnan Chari, and
Hans Thomann. We also wish to thank Robert Austin of Princeton University
who was pivotal in the organization of the symposium. Finally, we wish to
thank the MRS staff for its expert assistance with preparing these
proceedings.

Denis Wirtz
Thomas C. Halsey

May 1997




MATERIALS RESEARCH SOCIETY SYMPOSIUM PROCEEDINGS

Volume 420~ Amorphous Silicon Technology—1996, M. Hack, E.A. Schiff, S. Wagner,
R. Schropp, A. Matsuda 1996, ISBN: 1-55899-323-1

Volume 421— Compound Semiconductor Electronics and Photonics, R.J. Shul, S.J. Pearton,
F. Ren, C-S. Wu, 1996, ISBN: 1-55899-324-X

Volume 422— Rare-Earth Doped Semiconductors II, S. Coffa, A. Polman, R.N. Schwartz, 1996,
ISBN: 1-55899-325-8

Volume 423— IlI-Nitride, SiC, and Diamond Materials for Electronic Devices, D.K. Gaskill,
C.D. Brandt, R.J. Nemanich, 1996, ISBN: 1-55899-326-6

Volume 424— Flat Panel Display Materials 1I, M. Hatalis, J. Kanicki, C.J. Summers, F. Funada,
1997, ISBN: 1-55899-327-4

Volume 425— Liquid Crystals for Advanced Technologies, T.J. Bunning, S.H. Chen,
W. Hawthorne, T. Kajiyama, N. Koide, 1996, ISBN: 1-55899-328-2
Volume 426— Thin Films for Photovoltaic and Related Device Applications, D. Ginley,
A. Catalano, H.W. Schock, C. Eberspacher, T.M. Peterson, T. Wada, 1996,
ISBN: 1-55899-329-0
Volume 427— Advanced Metallization for Future ULSI, K.N. Tu, J.W. Mayer, J.M. Poate,
L.J. Chen, 1996, ISBN: 1-55899-330-4
Volume 428— Materials Reliability in Microelectronics VI, W.F. Filter, J.J. Clement,
A.S. Oates, R. Rosenberg, P.M. Lenahan, 1996, ISBN: 1-55899-331-2
Volume 429— Rapid Thermal and Integrated Processing V, J.C. Gelpey, M.C. Ozturk,
R.P.S. Thakur, A.T. Fiory, F. Roozeboom, 1996, ISBN: 1-55899-332-0
Volume 430— Microwave Processing of Materials V, M.F. Iskander, J.O. Kiggans, Jr.,
J.Ch. Bolomey, 1996, ISBN: 1-55899-333-9
Volume 431— Microporous and Macroporous Materials, R.F. Lobo, J.S. Beck, S.L. Suib,
D.R. Corbin, M.E. Davis, L.E. Iton, S.1. Zones, 1996, ISBN: 1-55899-334-7
Volume 432— Aqueous Chemistry and Geochemistry of Oxides, Oxyhydroxides, and
Related Materials, J.A. Voight, T.E. Wood, B.C. Bunker, W.H. Casey,
L.J. Crossey, 1997, ISBN: 1-55899-335-5
Volume 433— Ferroelectric Thin Films V, S.B. Desu, R. Ramesh, B.A. Tuttle, R.E. Jones,
LK. Yoo, 1996, ISBN: 1-55899-336-3
Volume 434— Layered Materials for Structural Applications, J.J. Lewandowski, C.H. Ward,
M.R. Jackson, W.H. Hunt, Jr., 1996, ISBN: 1-55899-337-1
Volume 435— Better Ceramics Through Chemistry VII—Organic/Inorganic Hybrid Materials,
B.K. Coltrain, C. Sanchez, D.W. Schaefer, G.L. Wilkes, 1996, ISBN: 1-55899-338-X
Volume 436— Thin Films: Stresses and Mechanical Properties VI, W.W. Gerberich, H. Gao,
J-E. Sundgren, S.P. Baker 1997, ISBN: 1-55899-339-8
Volume 437— Applications of Synchrotron Radiation to Materials Science 111, L. Terminello,
S. Mini, H. Ade, D.L. Perry, 1996, ISBN: 1-55899-340-1
Volume 438— Materials Modification and Synthesis by lon Beam Processing, D.E. Alexander,
N.W. Cheung, B. Park, W. Skorupa, 1997, ISBN: 1-55899-342-8
Volume 439— Microstructure Evolution During Irradiation, I.M. Robertson, G.S. Was,
L.W. Hobbs, T. Diaz de la Rubia, 1997, ISBN: 1-55899-343-6
Volume 440— Structure and Evolution of Surfaces, R.C. Cammarata, E.H. Chason, T.L. Einstein,
E.D. Williams, 1997, ISBN: 1-55899-344-4
Volume 441— Thin Films—Structure and Morphology, R.C. Cammarata, E.H. Chason, S.C. Moss,
D. lla, 1997, ISBN: 1-55899-345-2
Volume 442— Defects in Electronic Materials 11, J. Michel, T.A. Kennedy, K. Wada, K. Thonke,
1997, ISBN: 1-55899-346-0
Volume 443— Low-Dielectric Constant Materials II, K. Uram, H. Treichel, A.C. Jones,
A. Lagendijk, 1997, ISBN: 1-55899-347-9



MATERIALS RESEARCH SOCIETY SYMPOSIUM PROCEEDINGS

Volume 444— Materials for Mechanical and Optical Microsystems, M.L. Reed, M. Elwenspoek,
S. Johansson, E. Obermeier, H. Fujita, Y. Uenishi, 1997, ISBN: 1-55899-348-7

Volume 445— Electronic Packaging Materials Science IX, P.5. Ho, S.K. Groothuis, K. Ishida,
T. Wu, 1997, ISBN: 1-55899-349-5

Volume 446— Amorphous and Crystalline Insulating Thin Films—1996, W.L. Warren, J. Kanicki,
R.A.B. Devine, M. Matsumura, S. Cristoloveanu, Y. Homma, 1997,
ISBN: 1-55899-350-9

Volume 447— Environmental, Safety, and Health Issues in IC Production, R. Reif, A. Bowling,
A. Tonti, M. Heyns, 1997, ISBN: 1-55899-351-7

Volume 448-— Control of Semiconductor Surfaces and Interfaces, S.M. Prokes, 0.J. Glembocki,
S.K. Brierley, J.M. Woodall, J.M. Gibson, 1997, ISBN: 1-55899-352-5

Volume 449— III-V Nitrides, F.A. Ponce, T.D. Moustakas, 1. Akasaki, B.A. Monemar, 1997,
ISBN: 1-55899-353-3

Volume 450— Infrared Applications of Semiconductors—Materials, Processing and Devices,
M.O. Manasreh, T.H. Myers, F.H. Julien, 1997, ISBN: 1-55899-354-1

Volume 451— Electrochemical Synthesis and Modification of Materials, S.G. Corcoran,
P.C. Searson, T.P. Moffat, P.C. Andricacos, J.L. Deplancke, 1997,
ISBN: 1-55899-355-X

Volume 452— Advances in Microcrystalline and Nanocrystalline Semiconductors—1996,
R.W. Collins, P.M. Fauchet, 1. Shimizu, J-C. Vial, T. Shimada, A.P. Alvisatos,
1997, ISBN: 1-55899-356-8

Volume 453-— Solid-State Chemistry of Inorganic Materials, A. Jacobson, P. Davies,
T. Vanderah, C. Torardi, 1997, ISBN: 1-55899-357-6

Volume 454— Advanced Catalytic Materials—1996, M.J. Ledoux, P.W. Lednor, D.A. Nagaki,
L.T. Thompson, 1997, ISBN: 1-55899-358-4

Volume 455— Structure and Dynamics of Glasses and Glass Formers, C.A. Angell, T. Egami,
J. Kieffer, U. Nienhaus, K.L. Ngai, 1997, ISBN: 1-55899-359-2

Volume 456— Recent Advances in Biomaterials and Biologically-Inspired Materials:
Surfaces, Thin Films and Bulk, D.F. Williams, M. Spector, A. Bellare, 1997,
ISBN: 1-55899-360-6

Volume 457— Nanophase and Nanocomposite Materials 1I, 3. Komarneni, J.C. Parker,
H.J. Wollenberger, 1997, ISBN: 1-55899-361-4

Volume 458— Interfacial Engineering for Optimized Properties, C.L. Briant, C.B. Carter,
E.L. Hall, 1997, ISBN: 1-55899-362-2

Volume 459— Materials for Smart Systems II, E.P. George, R. Gotthardt, K. Otsuka,
S. Trolier-McKinstry, M. Wun-Fogle, 1997, ISBN: 1-55899-363-0

Volume 460— High-Temperature Ordered Intermetallic Alloys VII, C.C. Koch, N.S. Stoloff,
C.T. Liu, A. Wanner, 1997, ISBN: 1-55899-364-9

Volume 461— Morphological Control in Multiphase Polymer Mixtures, R.M. Briber,
D.G. Peiffer, C.C. Han, 1997, ISBN: 1-55899-365-7

Volume 462— Materials Issues in Art and Archaeology V, P.B. Vandiver, J.R. Druzik, J. Merkel,
J. Stewart, 1997, ISBN: 1-55899-366-5

Volume 463— Statistical Mechanics in Physics and Biology, D. Wirtz, T.C. Halsey,
J. van Zanten, 1997, ISBN: 1-55899-367-3

Volume 464— Dynamics in Small Confining Systems IlI, J.M. Drake, J. Klafter, R. Kopelman,
1997, ISBN: 1-55899-368-1

Volume 465— Scientific Basis for Nuclear Waste Management XX, W.J. Gray, I.R. Triay, 1997,
ISBN: 1-55899-369-X

Volume 466— Atomic Resolution Microscopy of Surfaces and Interfaces, D.J. Smith,
R.J. Hamers, 1997, ISBN: 1-55899-370-3

Prior Materials Research Society Symposium Proceedings available by contacting Materials Research Society




Part I

Statistical Mechanics of Proteins




Adhesion of Soft Biological Shells controlled by Bending
Elasticity and Macromolecular Networks

R. Simson, A. Albersdorfer, E. Sackmann*

*Physik Department E22, Technische Universitat Miinchen,
James Franck Strasse, 85748 Garching, Germany.
sackmann @physik.tu-muenchen.de

Abstract

We present an interferometric technique allowing reliable measurements of
bending modulus k, membrane tension X and adhesion energy W of cells crawling on
substrates. All three parameters are important for cell locomotion and reflect the local
balance of attractive and repulsive forces between cell and substratum as well as the
internal coupling of cell membrane and the underlying cytoskeleton. Mutants of the
Dictyostelium ameba lacking an important cytoskeletal protein, Cortexillin, exhibited a
markedly reduced bending modulus and adhesion energy as compared to wild type
Dictyostelium. In addition, experiments with model membrane systems suggest that
the combination of attractive and repulsive forces results in a local clustering of
receptors mediating cell adhesion.

Introduction

Cell adhesion is tuned by a complex interplay of specific (lock and key) and
universal forces (Fig. 1). It is also most effectively controlled by the bending elasticity of
the soft shells as demonstrated by both theoretical (Seifert et al., 1991) and
experimental studies (Albersdérfer et al., submitted). The latter control mechanism is
very complex since the plasma membrane is a stratified plate composed of two soft
coupled shells, the lipid bilayer and the associated cytoskeleton. The latter can consist
of a relatively simple quasi-two dimensional triangular network as in Erythrocytes or of
an actin myosin network, about 1 pm thick, called the actin cortex.
Numerous studies of lipid vesicles (Lipowsky and Sackmann, 1995) and erythrocytes
showed that bending elasticity and shape changes of stratified membranes are
sensitively dependent on the degree of coupling between the two shells (Discher and
Mohandas, 1996).Therefore the bending elasticity is determined by the intrinsic
stiffness of the cortex and its coupling strength to the bilayer. Measurements of the
bending moduli of wild type and mutant Dictyostelium show that cells with a damaged
cytoskeleton exhibit a reduced bending stiffness and adhesion energy as compared to
normal cells.
Various studies show that cells tend to avoid large contact areas with solid surfaces
which results in rapid cell death (Hanein et al., 1994) but attach only strongly through
local adhesion plaques (Fig. 1 b,c). This is essential for moving cells since it minimizes
loss of membrane material during retraction. In this paper we also present model
membrane studies, showing that local clustering of receptors occurs as a natural
consequence of the interplay of strong attraction and week repulsion forces.

Materials and Methods
THEORY
We present an interferometric technique allowing reliable measurements of

bending modulus x, membrane tension X and adhesion energy W of cells or vesicles

3
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Figure 1

(a) Adhesion is controlled by specific lock and key forces, by a variety of universal
forces and by shape and elasticity of the soft shell

(b) Areas of tight local contact (pinning centers) between a Dictyostelium cell and a
BSA coated glass substrate can be observed by the tether formation (arrows) at the
retracting end.

(c) Indirect demonstration of local contact formation by staining actin left behind on a
positively charged surface during retraction. The initial cell adhesion area was labeled
with fluorescent phalloidin after the cell moved away.



on substrates. This technique is based on the analysis of the cell contour near the
contact zone. Plated cells, when observed with the interference reflection microscope
(IRM) yield an interference pattern allowing reconstruction of the cell contour to a
height of about 1 um from the edge of the adhesion area, referred to as the contact

line L (Radler at al., 1995; Fig. 2). The mechanical equilibrium at the contact line is
determined by the balance of tensions which can be expressed in terms of Youngs law
(Bruinsma, 1996),

W= X (1-cos 9¢) (1)
where O is the contact angle as defined in Fig. 1c, and by the momentum equilibrium
leading to the following relationship between adhesion energy W and bending
modulus k (Seifert and Lipowsky,1990).

W=x/2R¢ 2
where Rc! is the contact curvature. A direct measurement of the contact curvature is
difficult (Radler et al., 1995). However, following work by Bruinsma, a simplified
procedure can be adopted. Assuming that adhesion does not alter the cell volume

(Bruinsma 1996) the elastic energy is dominated by the contribution of the contact
zone and can be written as

= |1 (e} 1| ©
AG=2my| [dx{i—Kk| —5 | +=2|—| t— |W
192 ziﬁdxj Wl @)
where the integral is performed along a section through the center of the adhesion
disc. Minimizing this energy yields a differential equation of the form
2 4
d“h d"h
S—-k—r=0 (4)

dx2 dx4

This equation introduces a characteristic length scale

A =+/k/Z (5)
separating different regimes of the cell contour. For distances Ax < A, measured from
the contact line, the elastic energy is dominated by bending elasticity, resulting in a
curved bilayer. For distances Ax > A, the tension dominates and the contour is a

straight line forming the contact angle ¢ with the substrate. The height profile,
satisfying the boundary conditions given in equs. 1 and 2, may be expressed as

h(x)=09x - 19Z|:1 - exp(—%):l x>0 (6)
h(x) = 0 x<0

MODEL MEMBRANE SYSTEMS

In order to study the effect of balance of short range attraction forces, mediated by
receptors, and long range repulsion forces, based on polymer induced forces or
undulation forces, we established the model system shown in Fig.3a. We studied the
adhesion of giant lipid vesicles to a supported lipid bilayer using IRM. Both vesicles
and supported membranes were composed of 94.9 mole% DOPC, 5 mole% DOPE-
PEOsg00 and 0.1 mole% DOPE-X-biotin and were prepared as described elsewhere
[Albersdbrfer et al, submitted]. The incorporation of lipopolymers (phospholipids with
polyethyleneoxide head groups composed of 45 monomers corresponding to a
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Figure 2

Left: IRM micrograph of the contact zone of an adhering vesicle. Right: Example of the
contour h(x) of the adhering vesicle in direction perpendicular to the contact line L as

obtained by analyzing the interference pattern of the IRM micrograph. The width of the

rim A and the contact angle ¥ are obtained by analyzing the contact contour along a
straight line perpendicular to L , and a locally curved region, at the contact line.

molecular weight of 2000 Da) models the cell glycocalix. The short range attraction
was achieved by biotin-streptavidin-biotin coupling.

The vesicle contour at the rim of the adhesion area was calculated from the
interference fringe pattern as described above. Performing a linear least square fit to
the tension dominated, straight part of the contour one can measure the characteristic

length A and the contact angle 9.. Using equs. 1 and 5 one can locally determine
tension £ and adhesion energy W for a known value of the bending energy «.

MEASURING TENSION, ADHESION ENERGY AND BENDING MODULUS USING
SMALL SHEAR FORCES.

In order to determine both bending energy and tension for crawling cells, we exposed
cells to a small laminar shear flow, using a standard parallel plate flow chamber. The
flow chamber dimensions (500 um by 5 mm cross section) were carefully chosen in
order to ensure a laminar flow profile, and a syringe pump was used to control flow
rate and thus the shear force exerted on the cell. The applied flow rates and resulting
shear stresses (0.4 to 1.2 Pa) were small enough to prevent a significant deformation
of the cell shape or even detachment. However, the shear stresses were sufficiently
large to measurably change contact angle and membrane curvature of the cell at the
edge of the adhesion area. When observed with IRM, this change in curvature results
in an alteration of the interference fringe pattern which can be quantified (Fig. 4). We
compared the cell contour reconstructed from the perturbed fringe pattern with the
contour of the undisturbed cell. Due to the bending stiffness of the membrane-cortex
complex shear forces actinf on the dorsal cell surface result in a change of tension
right at the rim of the adhesion disk. At the edge of the cell facing the shear flow, the

applied shear stress ¢ theréfore increases the membrane tension at the contact line
(Bruinsma, 1996).



repeller §§> g §

receptor

connector
\ .
(b)
Figure 3

(a) Model system mimicking the interplay of short range attraction and long range
repulsion forces. The glycocalix is modeled by incorporation of lipopolymers
(phospholipids with polyethyleneoxide head groups composed of 45 monomers
corresponding to a molecular weight of 2000 Da), and the short range attraction is
achieved by biotin-streptavidin-biotin coupling.

(b) Demonstration of adhesion induced clustering of receptors leading to the formation
of local pinning centers. The IRM micrograph shows only the contact zone of the
adhering vesicle. The local sites of close contact between vesicle and substrate are
outlined with a white border line. Note that dark areas correspond to short interfacial
distances.
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(a) A typical contact area of a wild type Dictyostelium on BSA coated glass observed
with IRM. Note the interference pattern around the rim of the adhesion area. On the left
side no shear force is exerted. On the right side a shear stress of 1.12 Ps is exposed to
the cell.

(b) Distribution of gray values measured for the image shown in 2a from A to B before
(dotted line) and at the identical position shortly after (solid line) the laminar shear flow
was turned on.

(c) Cell contours reconstructed from the interference patterns shown in 2b. Note that

the shear forces result in a reduced value of A and increased contact angle c.



Assuming that the bending modulus of the cortex remains unaltered by the
small shear force , this increase in cell tension results in a measurable decrease of the

characteristic length scale A (Fig. 4). Knowing the flow induced change in tension, both
the undisturbed tension and the bending energy can be obtained from equ. 5 For flat

cells, the increase in tension AZ due to flow is approximately given by AL =¢ R,
where R is the diameter of the contact area paralle! to the direction of flow. Additional
experiments on the laser scanning microscope show that most cells extend less than 5
um into the volume and the above approximation of a flat cell is valid (data not shown).

For all experiments we used a bovine serum albumin (BSA) coated glass
coverslip as substratum. The coverslip was incubated with a 10mg/m| BSA solution of
Sérensen phosphate buffer at pH 6.0. As shown in previous studies (Schindl et al.,
1995) BSA coated glass provides a very homogeneous and well suited substratum for
cell locomotion.

Results and Discussion
MODEL MEMBRANES

As demonstrated in Fig. 3a,b, adhesion leads to the formation of local pinning
centers which are separated by regions exhibiting strong flickering. Polymer induced
forces as well as undulation forces associated with flickering are strong enough to
overcome the Van der Waals attraction (Rédler et al., 1995). In order to form tight
connections work has to be performed against these repulsive forces. Single
streptavidin-biotin bonds, as used in this study, would be associated with an
excessively high energy. Indeed, it has been shown that membrane undulations may
mediate attraction forces between strong connectors (Bruinsma et al. 1994). This effect
can be attributed to a phase separation of receptors and polymers in the contact area.

LOCAL MEASUREMENTS OF MEMBRANE TENSION AND ADHESION ENERGY
We observed the contact zone of adhering giant vesicles to streptavidin coated
supported membranes using IRM (Fig. 5a). The diffraction fringes are remarkably
distorted near pinning centers as shown by closer inspection of position 4 in Fig 5a.
We calculated membrane tensions and contact angles at different positions of the
contact area evaluating the vesicle contours along the sections marked in Fig. 5a. For
this calculations we used a bending modulus of 35 kgT, which was measured for a
comparable system (SOPC; Duwe and Sackmann, 1990; Evans and Parsegian,
1983). Three examples of contours are shown in Fig. 5b: one in close proximity to a
pinning center, another one in a region which seems to be not influenced by pinning
and a third one in an intermediate region. The obvious differences in contact angles
(Fig. 5b) indicate a higher tension and an increased adhesion energy in the proximity
of a pinning center located close to the contact line. The bent in contour 4d may be
attributed to a relaxation of the membrane tension far away from the contact line. Our
results (Fig. 5¢) show that the local adhesion energy at a pinning center is more than
two orders of magnitude larger as compared to energies measured far away from such
a center. The same holds for the tension (Fig. 5c).

EFFECT OF MUTATIONS ON CELL BEHAVIOR

An intriguing observation is that chemomechanical processes such as cell
division and locomotion are often remarkably insensitive towards depletion of
essential proteins regulating the structure of the actin based cytoskeleton. For
example, removal of the motor protein myosin which is assumed to be essential for the
formation of the cleavage furrow during cell division does not affect division of crawling
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(a) Time averaged RICM micrograph of the contact zone of an adhering vesicle.
The inset shows an enlarged view of the upper section with the pinning center. The
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white bars mark the directions along which contact contours are analyzed. The
diffraction fringes are remarkably distorted near the pinning centers corresponding to
increased contact angles U, and decreased values of A.

(b) Three examples of contours near contact area: one in the region of a pinning
center (position 4d), one in a region which is not influenced by a pinning center
(position 8) and one that is situated in between these two regions (position 4g).

(c) Local tensions (dashed line) and adhesion energies (drawn line) plotted versus the
position line number marked in Fig. 2a. These values were determined by using the
values of 9, and A which were fitted into the local height profiles h(x). Additionally we

used a value of x = 35 kgT for the bending modulus which was measured for pure
SOPC vesicles by other techniques (Duwe and Sackmann, 1990; Evans and
Parsegian, 1983).
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Figure 6

Comparison of random walks of wild type and triple mutant on glass (a) and freshly
cleaved mica (b). Note that the mutant locomotion is strongly impeded on the smooth
mica surface. Both cells were examined in the elongated state after 6 hours starvation
(Weber et al., in press).




cells. Triple mutants of Dictyostelium discoideum, lacking two cross-linking proteins (o~
actinin, 120kDa gelation factor) and a severing protein (severin}, exhibit unperturbed
crawling on substrates exerting strong adhesion forces such as albumin coated glass.
However, their advancement is strongly impeded on weakly adhesive surfaces as
freshly cleaved mica (Fig. 6).

Experiments show that mutations of the cytoskeleton can be overcome by strong
adhesion. The strikingly different behavior of mutants on glass and mica points to an
inability of mutants to stabilize adhesion of newly formed pseudopodia. Moreover, the
quasi-periodic contact area oscillations, with periods of 3 to 6 min, (Schindl, 1995)
suggest that the pseudopod formation, although occurring in random directions, is
driven by an intracellular process. This process could in turn be associated with lateral
contractions and expansions of the actin-myosin cortex. The cell can only advance,
first if pseudopod spreading is followed by retraction of the cell near the opposite pole
and second, if the newly formed pseudopod is attached strong enough to the substrate
for transmitting momentum. If the adhesion is too weak the pseudopod is retracted
again if a second pseudopod is formed in a different direction, as a consequence of
the bilayer incompressibility.

EVALUATION OF EFFECTS OF MUTATIONS ON BENDING MODULUS OF THE
CELL CORTEX AND ADHESION ENERGY.

Using small shear forces (Materials and Methods) we measured bending
modulus, tension and adhesion energy for wild type and a mutant of Dictyostelium.
discoideum lacking a protein called Cortexillin I. This recently found protein belongs
to a new class of actin binding proteins. Cortexillin | has been shown to promote the
formation of actin bundles that associate into meshworks and plays a key role in
cytokinesis and maintaining the cell shape (J. Faix et al., 1996). It's presumed
importance for mechanical cell stability could be confirmed by our measurements. With
a bending energy of 94118 kgT the Cortexillin I- mutant appears to be much softer than
the wild type cell which exhibited a bending modulus of 386 + 158 kgT. Also the
membrane tension is higher for the wild type as compared to the mutant. Interestingly,
the undisturbed contact angles of wild type and mutant cells do not differ at all. Only
their response to an external force reveals the dramatic differences in their elastic
properties. A difference could be observed for the adhesion energies, where the wild
type adhered stronger (2.2 £ 1.2 ¢-7 J/m? ) than the mutant ( 1.5+ 1.0 e-7 J/m2). This
reduction in adhesion energy my be attributed to an increased repulsion based on
stronger undulation forces for the softer mutant.
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DOPC dioleoylphosphatidylcholine
DOPE-X-biotin biotin-X-dioleoylphosphatidylethanolamine
DOPE-PEO2000 dioleoylphosphatidylethanolamine-polyethyleneoxide

SOPC stereoylphosphatidylcholine
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Abstract

We describe a new, high-resolution technique for determining the local viscoelastic response of
polymer gels on a micrometer scale. This is done by monitoring thermal fluctuations of embedded probe
particles. We derive the relationship between the amplitude of fluctuations and the low-frequency storage
modulus G’ , as well as the relationship between the fluctuation power spectrum, measured between 0.1Hz
and 25kHz, and the complex shear modulus G(a)) . For both, semiflexible F-actin solutions and flexible
polyacrylamide (PAAm) gels we observe high-frequency power-law dependence in the spectra, which
reflects the behavior of the shear modulus. However, we observe distinctly different scaling exponents for
G(w) in F-actin and PAAm gels—presumably due to the semiflexible nature of the actin filaments.

Introduction

Synthetic polymer solutions and gels are common and technologically important materials.
They exhibit rich equilibrium and non-equilibrium behavior, particularly in their response to shear
stress not unlike their biological analogues. Plant and animal cells contain a multitude of
filamentous protein, especially in the cytoskeleton, which is a complex network of biopolymers. A
principal component of the cytoskeleton is polymeric actin (F-actin), which is largely responsible
for the viscoelastic response of plant and animal cells [1]. To understand the mechanical
properties and dynamics of living cells, the viscoelastic properties of F-actin solutions in vitro
have been measured by a number of groups [2-7], using macroscopic rheology. These
measurements focused on the elastic shear modulus, a quantity of particular significance for the
elastic response of cells. The microscopic properties of actin filaments lead to fundamental
differences between the actin cortex and synthetic polymer systems under similar conditions.
Actin filaments are rather rigid on the scale of the characteristic mesh size of the networks. This
appears to be responsible for the anomalously large shear moduli of actin solutions even at low
concentrations of order 1 mg/ml (or about 0.1% volume fraction)[6]. Microscopic measurements
of the viscoelasticity of actin gels and other polymer systems have been reported recently.
Ziemann et al. [8,9] and Amblard et al. [10] used the manipulation of micron size magnetic beads
by field gradients and video displacement detection. Other important experiments have employed
multiple light scattering [11].

In this paper, we describe a new method to measure local viscoelasticity based on the high-
resolution observation of thermal fluctuations of probe particles (silica beads). The bead
displacements can be measured to better than 1nm resolution at frequencies up to 50kHz. The
experiments with F-actin and PAAm gels are aimed at understanding the fundamental differences
between semiflexible and flexible polymer gels, as well as the basic viscoelastic properties of
polymer systems on a local scale. The method extends rheology to a frequency range that has not
been studied before.

Theory
Consider the motion of a spherical bead of radius R in a viscoelastic medium. The drag force
in a purely viscous fluid of viscosity 77 is given by the Stokes formula [12}: f = 6znRv , where v

is the bead velocity. This result also applies to oscillatory motion, provided that the viscous
penetration depth 6 =./2n/(pw) is large compared with R, where p is the fluid density.
Inertial effects can be neglected at low frequencies. For a micron size bead in water this holds for
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frequencies less than about 1 MHz. For oscillatory motions below this frequency, the motion of
the fluid is described by an amplitude which is everywhere independent of the frequency. Thus,
the stress is independent of @, apart from the dependence on the velocity v. The analogous
relationship between the applied force and particle displacement x in a viscoelastic medium is[13]
f, = 6nG(@)Rx,, (1)
where G(w) = G'(@) +iG”(w) is the (complex) shear modulus. The Stokes formula assumes an
incompressible medium. For a solution of polymer and solvent, this means no relative motion of
the two. The full expression [14,15] for the force at zero frequency on a (rigid) bead of radius R
displaced by a distance x in a continuum elastic medium is given by
24x(1-v)
f=Kx= 5 6v G'(0)Rx. 2)
where K is the elastic spring constant. Taking the Poisson ratio v =1/2 (for an incompressible
medium) this general expression reduces to Eq. (1).

The extent to which the polymer solution behaves as an incompressible medium depends on
the frequency of bead motion. At very low frequencies the stress in the solution is due entirely to
the compressible elastic network. Both shear and compression moduli are finite, and the Poisson
ratio need not be 1/2. At high frequencies, on the other hand, the medium behaves as an
incompressible viscoelastic fluid. This can be seen within a “two-fluid” model [16,17], in which an
elastic network is viscously coupled to the solvent. This coupling leads to a stress on the network
given by a force per unit network volume 1v / &7, where 7 is the solvent viscosity,£ is the mesh
size of the network, and v is the relative velocity of the solvent with respect to the network. The
elastic force on a volume element is given by GV, where u is the network displacement field.

This is of order Gx/ R? for a bead of radius R, displaced by x. Thus, the viscous coupling is
dominant for o 2 G(é/ R)2 /1. For G of order 1Pa and £ =0.1R the lower limit is of order

10Hz; for higher frequencies the two fluids move as one, while the Poisson ratio may fall below
1/2 for lower frequencies.

Given the force-displacement relationship in Eq. (1), the power spectrum can be determined
from the fluctuation-dissipation theorem [18]. The result for the power spectral density (PSD) is

(x,2)= ZEIm[ ! j: il IGH(QZ‘ . 3)
® 67G(w)R ) 3n0R |G(w)

The complex shear modulus G(w) usually exhibits three distinct frequency regimes in polymer
solutions [19]. For a non-crosslinked solution the behavior is essentially that of a viscous liquid at
frequencies lower than 1/7,, where 7, is the reptation time. At intermediate frequencies a
rubber-like plateau appears, for which the dominant response is elastic, and nearly independent of
frequency. Above this, the storage (G”) and loss (G”) moduli increase with frequency as power
laws: G’,G" o= @” [19]. In this regime, Eq. (3) implies a power spectrum scaling as w7,

Materials and Instrumentation

Actin was purified from chicken skeletal muscle to about 95% purity following standard
recipes [20]. Actin concentration was determined both by staining (BioRad) and by UV
absorption at 290nm. Monomeric actin (G-actin) was stored at -85°C. Samples were prepared by
mixing a small number of silica beads with G-actin, adding concentrated polymerization buffer (F-
buffer: 2mM HEPES, pH 7.5, 2mM MgClL, 50mM KCl, 1mM EGTA, 1mM ATP) and
immediately transferring the solution into a glass sample chamber (15mm x 3mm x 70pm). The



chambers were sealed and the actin polymerized at room temperature for at least one hour under
slow rotation. The samples were used within one day.

PAAm gels were prepared according to a standard gel electrophoresis recipe [21], with a
relative concentration of 3% bis-acrylamide. Solutions were degassed under vacuum, and
polymerization started by adding TEMED and ammonium persulfate. The polymerizing solutions
with silica beads were immediately transferred into sample chambers (15mm x 6mm x 140um),
which were sealed and slowly rotated at room temperature for at least one hour before starting
experiments. All experiments were done with PAAm gels of a final concentration of 2% (w/v).

The microscope we used is a custom built instrument, constructed on an optical rail system
and mounted on a vibration isolated optical bench. To detect the thermal motion of beads
imbedded in the gels we used an interferometric method employing near infrared laser illumination
as described previously [22,23]. The laser power was typically about 0.6mW in the specimen, low
enough to make optical forces negligible. The laser light is detected by two photodiodes. The
normalized difference of the signals from the two diodes provides, due to a differential phase shift,
a measure for the position of the bead. The linear range of the detector is about +200nm for
0.5um beads and increases with bead size. The amplified position signal is anti-alias filtered at the
Nyquist frequency and then digitized. For all experiments reported here, the data acquisition rate
was 50kHz and the filter frequency 25kHz, the total duration of a run was typically 20 seconds.
Fast Fourier Transforms (FFT) were performed using a Bartlett window. Power spectra were
smoothed by averaging spectra obtained from windows smaller than the full data set.

The detector was calibrated for each observed bead, immediately following the thermal
motion recording, by moving the sample with a piezo-actuated stage with a triangular signal,
producing between 150nm and Ipm peak-to-peak displacement at a frequency of 0.1 Hz. The
driving voltage was corrected for the non-linearity and hysteresis of the piezo actuators. Piezo
voltage and detector response were digitized and recorded for about 40 seconds. These time
series were analyzed to obtain an averaged displacement vs. voltage curve for each individual
bead. The slopes of linear fits (typical error 20%) were used to convert signal voltages to nm.

Results
Thermal fluctuations of entrapped silica beads (diameters: 0.5, 0.96, 1.8, and 5.0um) were
observed in actin gels of 1 and 2mg/ml concentrations. The spring constant K for elastic

displacements of the bead in the gel can be obtained from the total variance in bead position <x2>

(see [24] for a general discussion of micromechanical measurements). By Eq. (2), K determines
the macroscopic zero-frequency shear modulus G, of the network. The variance could, in

principle, be directly obtained from the time series data. Low frequency noise, however, can
dominate this variance. Therefore we estimate the variance by summing the displacement power
spectrum from a lower cut-off frequency of 1Hz. This cut-off was chosen by inspecting the
dependence of the apparent variance on the lower cut-off frequency (data not shown). A sharp
increase was typically observed with cut-offs below 1Hz. In Fig. 1 we plot the inverse of these
high-pass variances of bead position in an actin gel, as a function of bead size. According to Eq.
(2) the reciprocal variance is expected to be proportional to the bead radius. Some of the data
points obviously deviate from a slope of 1 (line in Fig. 1). The 0.96pm and 1.8um beads used in
these experiments were aminopropyl and bromopropyl derivatized respectively. We believe that
surface effects on the polymerization of the surrounding gel account for the deviations.

Data from both 0.5 and 5.0 pm beads in 1 and 2mg/ml gels are consistent with a slope of 1
with amplitudes corresponding to shear moduli of G”=0.2Pa and G’ =0.4Pa. Because of the
lower cut-off frequency discussed above, these are upper bounds for the shear moduli. At least




part of the scatter in the observed total variances for
each size beads in the same sample reflects local
inhomogeneities in the gels. Smaller beads sample
inhomogeneities on smaller scales and should
therefore show more scatter. This trend is clearly
visible in the data. The absolute values of G’ are
consistent with other reported experiments [3,7,8],
although discrepancies among labs persist [4].

The power spectral densities (PSD) for silica
beads in an actin gel of 2mg/ml concentration are
shown in Fig. 2. The downturn at about 10kHz is due
to electronic anti-alias filtering. The PSD for the
largest bead diameter, 5.0um, exhibits power law
behavior over about three orders of magnitude in
frequency, with an exponent of about -1.75. The ratio
of bead diameter to mesh size, & is about 20
(€ =0.2um, [2,25]), so the continuum model of Eg.

1/Variance (nm’)

2 mg/ml actin gel

Slope 1.0

1.0 — o0
Bead Size (um)

FIGURE 1: The reciprocal variance 1/<x2> in

bead position for silica beads in an actin gel of
concentration 2mg/ml at room temperature,
obtained by summing the PSD for frequencies
above a 1Hz cutoff.

(3) should apply. Assuming that G’(®) and G”(@) scale, as for conventional gels [19], with the
same power at high frequencies, Eq. (3) implies a scaling of G'(®),G”(@) = ®**. The different
scaling exponent for flexible polymers can be understood using the Rouse or the Zimm models
[19]. No existing model is consistent with our data on semiflexible polymers [26]. For smaller
beads, the amplitude of fluctuations increases, as described by Eq. (3), and the spectra
increasingly deviate from power law behavior both at low and high frequencies. At low
frequencies the assumption of incompressibility may break down, as explained above. This effect
is expected when the bead size becomes comparable to the mesh size. The smallest beads are only
about 2x larger than the average mesh, although they remain well trapped. To check for slow
diffusion due to reptation of actin filaments, we observed 1.8um beads by video for two hours and
estimated an upper limit for the long range diffusion coefficient of 4x10™"cm?/s. Reptation is
therefore not relevant on the time scale

of our experiments. Note that the -
deviation of the power spectra from 10° | a0 |
power law behavior is bead-size L “m4g "
dependent, unlike what we observe for = 19" |- i
PAAm gels (see below), and can £ 0.0 0.1 0.2 0.3
therefore not be the onset of the elastic & 441 [ StoPe'7® Time (sec)
plateau regime. We cannot explain ::: 2
deviations at high frequencies. Inertial 29 10° | 2 mg/ml actin gels
effects are only relevant at frequencies £ - Bead Size (um)
higher than 1 MHz (see above). § 10° : - ggs
The shape of the PSD can be @ .18
compared to direct measurements of . 5.0
G’(w) and G”(®) in actin networks. 10 "1 ol — Ll
10 10 10 10 10 10

Refs. [3] report data suggesting @'’
scaling, using macroscopic rheology.
Recent microrheology data from the FIGURE 2: The power spectrum for beads in actin gels of

same lab [8], however, may be conceniration 2mg/ml. The line indicates a log-log slope of -1.75.
Inset: Portion of the time series data for bead size 1.8 pm.
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consistent with @** scaling. In both
cases, the observed range of
frequencies is very close to the

transition from the plateau regime. A 10
different interpretation of the time [
dependence of bead motion in actin 10"k Slope = -1.5

gels has been given in Ref. [10]. These
authors observe particle dynamics

% scaling of 10° [ Polyacrylamide gel

consistent with our @

Spectral Density (nmlez)
]

the PSD, but suggest an explanation - Bead S(I)Z; (um)

based on single filament dynamics. We 10° b ——-- 0:96

believe  that at  our  higher 18

concentrations, for which the mesh 2

size is substantially smaller than the 107 L L L L L -
10 10 10 10 10 10

bead diameter, a continuum -elastic
approach such as we have described is
correct. FIGURE 3: The PSD for beads in 2% polyacrylamide gels. The
The PSD of thermally fluctuating  line indicates a log-log slope of -1.5.

silica beads in 2% PAAm gels for three

different bead sizes are shown in Fig. 3. The downturn at about 10 kHz is again due to anti-alias
filtering. The log-log curves are less linear than the actin spectra for all beads, but are in their mid
range tangential to the line drawn in Fig. 3 with a slope of -1.5. This result is consistent with
internal chain dynamics described by the Rouse model [19], which predicts a scaling behavior for
the complex modulus at high frequencies: G’(@),G”(w) e w">. This translates via Eq. (3) into a

Frequency (Hz)

slope of -1.5 in the log-log power spectrum.

The mesh size of a 2% PAAm gel is on the order of 50A [27], but relatively large variations
are possible because this concentration is at the gelation threshold. As in actin, we observed no
long-range diffusion, showing that the polymer is indeed cross-linked into a solid. The smallest
bead (0.5um) is still about a factor of 100 larger than the mesh, and the continuum model should
apply. At low frequencies, the slope of the spectra again decreases, but in contrast to the actin
spectra in a bead-size independent way. This is consistent with the onset of a plateau, where
G(w) becomes weakly dependent on frequency [19]. Eq. (3) then predicts a PSD proportional to

o™, consistent with the observed slope. This provides further evidence for the validity of our
continuum viscoelastic interpretation.

By integrating the spectra, from a lower cut-off frequency of 1Hz, we again obtain a spring
stiffness K which is roughly proportional to the bead radius, and calculate a zero-frequency shear
modulus of 4.6 Pa. The measured value for G’ appears low compared with conventional
rheology results [28]. Those are typically reported for higher gel concentrations, but extrapolating
results assuming scaling as G’ o< ¢™* predicts G’ = 200Pa. PAAm gels are known to be complex
and the deviation is most probably due to the proximity to the gelation threshold. On the other
hand, the gels appear homogeneous on the scale of the bead size, judging from the high
reproducibility of the spectra at various locations within one sample.

Conclusions

We have demonstrated that thermal fluctuations of micron size inclusions can be used to
measure the viscoelastic properties of polymer solutions locally. The total variance of fluctuations
determines the zero frequency shear modulus. The power spectrum, on the other hand, reflects




the frequency dependence of the complex shear modulus G(w). In particular, we find that the
high frequency scaling of G(w) for actin differs from that of PAAm, as well as from the
predictions of the Rouse model. This is in contrast to previous claims of Rouse-like scaling for
actin [3]. Our continuum-elastic model should be valid for inclusions of diameter large compared
with the mesh size of the polymer network. This is true for our largest beads in actin solutions,
and for all of our experiments on PAAm. Judging from the appearance of the spectra, the
continuum model appears to be a reasonable approximation even for the smaller beads. For
PAAm we clearly see the onset of the rubber plateau for lower frequencies.
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We present a method that uses two- and three-particle correlation functions between
solute atoms and water molecules to approximate the density profile of water sur-
rounding biomolecules. The method is based on a potential of mean force expansion
and uses X-ray crystallography, NMR, or modeling structural input information on
the biomolecule. For small hydrophobic solutes, we have calculated entropies of
hydration using the predicted water densities that are in good agreement with ex-
perimental results. We have also predicted the hydration of the catabolite activator
protein-DNA complex. The method is extremely efficient and makes possible the
study of hydration of large biomolecules within CPU minutes.

1 Introduction

The unique balance of forces underlying biological processes such as protein folding,
molecular recognition, and formation of biological membranes owes its origin in part to the
surrounding aqueous medium.[1] Hydrophobic interactions, in particular, are believed to con-
tribute to the overall stability of folded proteins, protein-ligand complexes, and biological
membranes. The hydrophobic driving force for self-assembly is mainly entropic in origin, and
is directly connected to the inhomogeneous structure of water in the vicinity of hydrophobic
solutes.[2] Thus, quantifying structural hydration of biomolecules and relating water struc-
ture to the key thermodynamic properties of hydration constitute important steps towards
understanding of the role of water in biomolecular structure-function relationship.

Experimental information about the hydration of biomolecules at atomic resolution is ob-
tained mainly from X-ray and neutron diffraction,[3] and NMR spectroscopic [4] techniques.
Even though these techniques are widely used, unambiguous assignment of water molecules
on the surface and in the interior of biomolecules is complicated due to methodological dif-
ficulties. Further, the disorder of water molecules hydrating biomolecules in different unit
cells of crystals presents difficulties in the interpretation of experimental results.[5,6] This
disorder is quantified best by an inhomogeneous density of water molecules in space. The
experimental analysis is however limited to identifying the regions of high localization of
water molecules.

Theoretical methods for the detailed study of the structural hydration of biomolecules
rely mostly on the molecular dynamics (MD) and Monte Carlo (MC) computer simulation
techniques.[7] Computer simulations of hydration of small molecules have advanced our fun-
damental understanding of solvation phenomena. However, the computational effort needed
to obtain satisfactory statistical precision increases significantly when applied to the study
of biomolecular hydration. Further, analysis of systems like protein-DNA complexes would
need simulations of the individual protein, the DNA, and the complex to understand the
role of hydration in complexation.
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We present here an alternative approach to predicting position-dependent water densities
near biomolecules. Our method is based on the potential-of-mean-force (PMF) expansion
[8] applied previously to hydration studies of B-DNA,[9] an a-helix,[10] t-RNA, the photo-
synthetic reaction center, an antigen-antibody complex,[11,12] and a host of other systems.
We will show that the water densities surrounding biomolecules can be approximated by
a limited number of well-defined, lower-order correlation functions accurately calculated
from simulations of small molecules in water. The efficiency of the method allows analysis
of hydration of biomolecules in CPU minutes rather than weeks. For purely hydrophobic
molecular solutes we relate the calculated water densities to the entropies of hydration via
an entropy expansion to show the feasibility of accurately estimating macroscopic thermo-
dynamic properties from water density profiles. Finally, we analyse of the hydration of the
interface of the catabolite activator protein (CAP)-DNA complex.

2 Theory and Computer Simulations

The hydration of biomolecules can be quantified by the equilibrium position-dependent
density of water molecules surrounding them. The biomolecule is characterized by a set
of atomic coordinates {si}, where « indicates the type of atom, a = 1,. ..,M, and ¢ =
1,..., N,. The conditional density of water molecules at a position r (given that biomolecule
is fixed in a given configuration {s;}) is then given by,[11]

(Li{Na D (p o
(x| {sia}) = pog.g({—Na})_(({’T{;ﬁ}_)' "

The n-particle distribution function, g™, is related to the n-particle potential of mean force,
W by g™ = exp(—W ™ /kT), and py is the bulk density of water. Successful prediction
of density thus depends on how accurately one can approximate the n-particle PMF. For
strictly nonpolar molecular solutes, water structure is found to be only locally sensitive to
the structural details of the solute. Thus, the water density around nonpolar solutes can be
approximated simply by its correlations with one or two nearest solute sites.[13,14] Namely,

PP (xfry, ) & pog(rlr;) (2
p(”*l)(r|r1, o T = pog(Tiry, Th) S (3)

with j and k such that |r —r;| = min_y,., jr —1;| and [r — g = minm=y, nme |r—r..|. Egs.
(2) and (3) are defined, respectively, as the one- and two-site proximity approximations.

In contrast to nonpolar molecules, biomolecules are a complex mix of a variety of sites.
In this case, we formally expand W™ in terms of multiparticle potentials of mean force. Dif-
ficulties in calculating correlation functions of order four and higher necessitates truncation
of this expansion at the three-particle level. Further, geometric and energetic considerations
of interactions of nitrogen, oxygen, and sulphur atoms with water molecules allow us to
effectively group these atoms into one class of solute sites. That is, their effect on ordering
nearby water molecules is assumed to be similar to that of water oxygens. Also, the effect on
water structure of nonpolar carbon atoms, represented as methyl [Me] sites, is treated using
the one-site proximity approximation. That these approximations are reasonable for appli-
cations to biomolecules has been shown elsewhere.[9-12] These approximations render the
complex problem of biomolecular hydration tractable. The following approximate expression
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for the conditional water density is obtained.

n—-1

n n (3) X
~ @(r < g (r, 85, 8) % s
p(r|sl) RN Sn) Po 1:[ g (rz Sl) ]l;[ II I' SJ)Q(Z) (Sjy Sk)g(z)(sk, l‘) gME—'O(ri C—prox) .
(4)

Additional effects, such as polar hydrogens forming directional hydrogen bonds, can also be
incorporated into this expression.[11]

Application of eqn. (4) to biomolecules requires the calculation of the O-O-O triplet
|

l

|

correlation function, ¢, as well as Me-O pair correlation function gpe_o. The ¢® is
calculated from simulations of SPC water.[9,18] Simulations were also performed for a single
Me and the Me-Me dimer in water where Me-Me dimer was held fixed at separations between
0.12 to 0.66 nm. [14] These simulations were used to calculate Me-O pair, and Me-Me-O
triplet correlations required in the proximity approximations, as well as eqn. (4).

3 Results and Discussion

3.1 Hydration of nonpolar molecules
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Figure 1: Spherically averaged water-oxygen density in units of bulk density as a function
of distance r from the center of benzene calculated from simulation (symbols) and the two-
site proximity approximation (dashed line). Inset shows the Cyy and Cyy coefficients in the
spherical harmonic expansion of the density.[14]

Figure 1 shows a comparison of water-oxygen densities calculated from MC simulation of
benzene (represented by six Me sites in a planar configuration) with densities calculated
from the two-site proximity approximation. [14] The positions and heights of both peaks
corresponding to the first and the second hydration shells, respectively, are well reproduced.
The symmetry of the density profile about the plane of benzene, captured by the higher order
coefficients in the spherical harmonic expansion, is also very well reproduced by the two-site
proximity approximation. Application to other model solutes also gives similar results.[14]




This suggests a key feature of the hydration of nonpolar solutes is that water structure in
their vicinity is only locally sensitive to the structural details of the nonpolar solute.

Table 1. Standard entropies of hydration calculated using an entropy expansion.

AS});ydration/(ca‘l/rn()l/}<)

solute calculated expt
ethane -18.0 -20.1
propane -21.7 -22.8
n-butane® -23.3 -26.0
benzene -28.8 -21.2

256/44 % trans/gauche mixture.

The calculated entropies include two terms corresponding to positional and orientational corre-
lations of water molecules with nonpolar solute approximated using two- and one-site proximity
approximations, respectively. The latter amounts to an orientational entropy of 0.35 cal/mol/K
per water molecule in the first hydration shell.[15]

We have used the water density profiles obtained from proximity approximations to
calculate standard entropies of hydration for various nonpolar solutes.[13,16,17] The results
are given in Table 1. The entropies of hydration are large and negative and are in good
agreement with experimental results for alkanes. A value significantly more negative than the
experimental value is obtained for benzene. Note, however, that the description of benzene
as six overlapping Me sites is a severe approximation for this molecule which neglects its
complex electronic structure.{19]

The PMF between two methane molecules in water and water contribution to the confor-
mational equilibria of n-butane and n-pentane have also been predicted from water densities
obtained using the proximity approximations to show that hydration favors the more com-
pact conformations, as expected. [15]

3.2 Ice-water interface

Eq. (4) was applied to the ice/water interface. The ice phase is described by fixing
SPC water oxygens at ideal hexagonal-ice I, lattice positions while allowing for molecular
reorientations representing thermal disorder in the ice phase. The basal plane of the ice
layer is covered by liquid water. Figure 2 shows a comparison of the oxygen density pro-
files predicted by the PMF expansion truncated at the level of pair and triplet correlations
with calculations from explicit MC computer simulations.[9] It is seen that truncation of
the PMF expansion at the level of pair correlations results in water densities much higher
than those observed in MC simulations in the region close to the basal plane (Z< 0.2nm).
Including triplet correlations improves the agreement. The position as well as the height of
the first peak are well reproduced. The agreement at longer distances is qualitative. Clearly,
information on triplet correlations is needed for identifying high density regions accurately.
We thus include the terms up to triplet correlations in the PMF expansion eqn. (4) for the
applications to the biomolecular hydration.
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Figure 2: Water-oxygen density at the ice/water interface in units of the bulk- water density,
po. Z is the distance from the closest plane of oxygen atoms in the ice phase. (+) PMF
expansion including only pair correlations; (o) PMF expansion including both pair and triplet
correlations. Solid lines: explicit MC simulations using different system sizes and methods
for Coulombic interactions.[9)]

3.3 CAP-DNA complex

The catabolite activator protein (CAP), also known as cyclic adenosine monophosphate
receptor protein (CRP), plays an important role in mediating transcription activation of sev-
eral genes in E. coli. The CAP-cAMP complex binds, as a dimer, to the specific sequences